Efforts to cure HIV are hindered by viral persistence in latently infected memory CD4+ T cells.
Introduction
HIV proviruses persist in long-lived CD4+ T cells despite suppressive anti-retroviral therapy (ART), and this reservoir of latent virus is a significant obstacle to viral eradication in patients (1) (2) (3) . Clinical trials with latency reversing agents (LRAs) have successfully activated viral transcription in vivo but have shown limited or no depletion of the reservoir (4) (5) (6) (7) . While many strategies promote the elimination of virus-expressing cells via the immune system (8) (9) (10) (11) , another approach is to directly target and kill latent HIV-infected T cells (12) . There is evidence that HIV infection affects both pro-apoptotic and anti-apoptotic signaling pathways (13) (14) (15) and targeting these pathways in combination with LRAs has the potential to reduce reservoir size (16) . However, due to the interconnected, multivariate nature of signaling pathways that regulate apoptosis (17) (18) (19) and the heterogeneous nature of latent HIV activation (20, 21) , successful identification of novel therapeutic targets requires systems-level single-cell analysis.
Mass cytometry provides unprecedented resolution in the multi-dimensional characterization of cellular biomarkers and signaling networks in single cells (22) (23) (24) . By relying on mass spectrometric time-of-flight (TOF) sampling rather than fluorescence-based detection, mass cytometry enables highly-multiplexed protein detection. This network-level approach has been used to map T cell signaling and functional diversity across several immunological contexts, including pathogen response, hematopoiesis, acute myeloid leukemia, and type 1 diabetes (24) (25) (26) (27) (28) .
Combined with computational techniques to visualize and quantify biological relationships, we can rationally design strategies to target signaling pathways dysregulated in latently infected T cells and enable pharmacological manipulation in a selective manner.
We used mass cytometry to investigate how signaling pathways that regulate apoptosis are altered by latent and reactivating HIV in primary human central memory CD4+ T cells (TCM). We computationally reconstructed signal-response functions across uninfected and HIV-infected subpopulations and identified molecular targets that increase apoptosis in latently infected cells without viral reactivation. Finally, we identified clinically-relevant therapeutic agents to target these pathways and demonstrated efficacy in resting CD4+ T cells from HIV-infected patients on suppressive ART. Overall, our study motivates targeted killing of latent HIV-infected T cells as an effective viral eradication strategy.
Results
Single-cell mass cytometry reveals increased cell death, despite similar activation dynamics, in primary HIV-exposed TCM cells.
We previously showed that TCR stimulation via CD3/CD28 leads to more cell death in latent HIV-infected CD4+ central memory-like T cells infected in vitro relative to uninfected cells (29) .
To investigate systems-level changes in intracellular signaling that explain this observation, we quantified TCR-induced signaling dynamics and apoptosis in uninfected and HIV-infected cells by mass cytometry (Fig. 1A) . Primary T cells were differentiated under non-polarizing conditions to induce a central memory T cell (TCM) state. On day 5, cells were infected de novo with a replication-defective env(-) virus construct (DHIV-NEF + ), pseudotyped with the CXCR4-tropic env from HIV-1LAI (30, 31) , which generates a mixed population of virus-exposed TCM cells that are uninfected, latently infected, or virus-expressing. Uninfected TCM cells were cultured in parallel for direct comparison (Fig. S1A ). After one week in culture, both uninfected and virusexposed T cells expressed similar levels of memory-like surface markers, and the frequency of virus-exposed cells with basal virus expression was < 10% ( Fig. S1B-C) .
We quantified TCR-induced signaling and apoptosis in uninfected and virus-exposed TCM cells over 48 hours in the presence of ART. Our mass cytometry panel consisted of 6 surface markers, 23 intracellular proteins, and two viral proteins (Table S1 ). Sampling captured both the shorter timescale of TCR-proximal signaling events (1, 5, 15 and 60 minutes) and the longer timescale of viral reactivation and cell death (4, 8, 16, 24 , and 48 hours). To identify virus-expressing cells, we labeled two viral proteins, p24-Gag and Tat. Viral expression in virus-exposed TCM cells after CD3/CD28 stimulation varied from 10%-30% across three donors, as measured by p24-Gag (Fig.   1C ), consistent with conventional flow cytometry measurements (Fig. S1C-E). Tat protein levels also increased with time, but the Tat signal was much weaker (Fig. S1F-G), and therefore we used p24-Gag to distinguish between virus-exposed TCM cells with active viral expression and cells that were exposed to virus but remained latent or uninfected. Virus-exposed TCM cells and uninfected cells showed no difference in T cell activation as measured by the acquisition of surface expression of CD69 and CD25 over 48 hours (Fig. 1C-D) .
Despite similar T cell-activation dynamics, virus-exposed TCM cells exhibited increased cleaved caspase 3 (CC3), with approximately 30% of virus-exposed cells undergoing apoptosis (i.e., %CC3+) as compared to < 10% of uninfected cells at 48 hours ( Fig. 1E ). Importantly, the increase in apoptosis was not dependent on the expression of HIV proteins, as the percentage of cells expressing CC3 was similar for p24-and p24+ cells throughout the time course ( Fig. 1F ).
Thus, the dysregulation of apoptosis in virus-exposed TCM cells following CD3/CD28 stimulation appeared to be linked to viral infection but not viral reactivation.
Virus-exposed TCM cells exhibit systems-level changes in TCR-induced signaling even without HIV protein expression.
To identify the signaling networks responsible for differences in apoptosis, we measured the levels of phosphorylated or total protein across multiple pathways activated upon TCR engagement. These pathways included proximal signaling nodes (e.g., p-ZAP70, p-SLP76), kinase signaling pathways (e.g., p-ERK1/2, p-p38), transcription factors (e.g., p-NF-kB, p-STAT1), and apoptosis-related proteins (e.g., p-Bad, p53) ( Fig. 2A ).
We separated virus-exposed TCM cells into p24-Gag-and p24-Gag+ subpopulations (referred to as p24-and p24+ cells, respectively), and compared their signaling states to that of uninfected cells prior to CD3/CD28 stimulation. Prior to stimulation, virus-expressing p24+ cells (~5-10% of the virus-exposed population) showed significantly increased phosphorylation levels for MAP kinases (p-ERK and p-p38), p-S6, p-Bad, and several transcription factors (p-STAT1, p-STAT3, p-NF-kB, and p-CREB) ( Fig. 2B ). By contrast, basal signaling in p24-cells was similar to uninfected cells. Notable exceptions included p-S6, p-STAT1, and p-STAT3, which were significantly increased in p24-cells relative to uninfected TCM cells prior to stimulation ( Fig. 2B ) and remained elevated following TCR stimulation ( Fig. S2A ). While increased p-STAT1 and p-STAT3 have been previously observed in cells actively infected with HIV (32, 33) , the reason for elevated STAT1/3 activation in p24-cells is unclear.
Following TCR stimulation, we observed systems-level differences in signaling in both p24and p24+ virus-exposed TCM cells relative to uninfected cells, and these differences were largely conserved across donors ( Fig. 2C ). p24-cells showed slightly elevated phosphorylation levels for select TCR proximal proteins (p-ZAP70, p-SLP76) within 15 minutes, and this increase appeared to propagate through the MAPK signaling cascades (p-ERK and p-p38). As a result, downstream proteins and transcription factors were more rapidly and strongly induced in p24-cells than in uninfected TCM cells. Signaling in virus-expressing p24+ cells was markedly increased relative to p24-and uninfected TCM cells across almost all measured targets, including TCR proximal and distal signals, demonstrating that the expression of viral proteins significantly affects signaling across multiple pathways in response to TCR stimulation.
We used t-distributed stochastic neighbor embedding (t-SNE) to visualize the relationships between uninfected and virus-exposed cells across all time points, while preserving their local, high-dimensional geometry as determined by the multi-parameter dataset (26, 34) . The expression of p24 separated actively infected TCM cells, while uninfected TCM cells overlapped with the virusexposed p24-cells, consistent with the fact that these cells comprise a mixed population of latentlyinfected and uninfected cells ( Fig. S2B ). To separate the overlapping uninfected and virus-exposed p24-cells, we automatically assigned clusters using a nearest-neighbors clustering algorithm ( Fig.   S2C ) (27) . By taking the intersection of these two methods, we labeled four phenotypic subpopulations: uninfected (UI), exposed uninfected (EU), latently infected (LI), and actively infected (AI) ( Fig. 2D and Fig. S2D ). Notably, the UI and EU populations overlapped, while LI and AI populations formed separate clusters.
We visualized the expression of all measured proteins in single cells across clusters ( Fig. S2E ).
Levels of phospho-p38 and its downstream target p53 were increased in the LI and AI populations relative to UI and EU populations ( Fig. 2E ). We also observed that p-S6 was significantly increased in the LI and AI populations, and p-Bad, the inactive form of the pro-apoptotic mitochondrial Bcl-2 associated death promoter protein Bad, was increased more in the AI population, although there was no corresponding in p-Akt, a shared upstream kinase for S6 and Bad (Fig. 2F ). We hypothesized that these observed differences in p38-p53 activation and S6-Bad activation might be related to changes in apoptosis induction. Therefore, we proceeded to examine these pathways to identify and validate new targets for inducing cell death in HIV-infected cells.
Pro-apoptotic activity of p-p38 and p53 is enhanced in virus-exposed p24-and p24+ TCM cells.
We first examined regulation of apoptosis by the p38 MAPK pathway. Although we observed increased average levels of p-p38 and its pro-apoptotic substrate p53 in p24+ cells at all time points, there was no significant increase in p-p38 or p53 levels in p24-cells ( Fig. S3 A and B ), suggesting that increased abundance alone cannot account for elevated TCR-induced apoptosis. Recent studies suggest that disease states affect interactions between proteins more than protein levels (35) . To analyze interactions between proteins and identify how these interactions change between uninfected, p24-and p24+ cell populations, we used conditional density rescaling of protein levels across single cells to visualize the functional relationship between two proteins (36) . To quantify signal transmission strength between two nodes along a pathway (e.g. X and Y), we fit a curve to the visualized relationship and calculate the area-under-the-curve (AUC) as previously described (36) . The AUC estimates the signal transfer activity between X and Y, or the extent to which an increase in protein X is associated with an increase in protein Y. Differences in AUC across populations (e.g., uninfected and p24+ cells) would suggest an underlying change in the regulation of Y, either directly through X or indirectly via other signaling molecules that also affect Y.
We inferred signal transfer activity (AUC) along the TCR-SLP76-p38-p53-cleaved caspase 3 pathway for uninfected, p24-, and p24+ subpopulations ( Fig. 3A and B ). Upon CD3/CD28 stimulation, there was no evidence for increased signal transfer activity from p-SLP76 to p-p38 at any time point ( Fig. S3C and D). However, between p-p38 and p53, we observed that similar increases in p-p38 were associated with significantly greater increases in p53 in both p24-and p24+ cells relative to uninfected TCM cells at 24 and 48 hours ( Fig. 3C ).
Signal transfer activity between p53 and CC3 appeared elevated in p24-and p24+ cells prior to stimulation ( Fig. 3D ), suggesting that accumulation of CC3 occurs at lower thresholds of p53 in virus-exposed TCM subsets. The signal transfer activity between p53 and CC3 increased further following stimulation by CD3/CD28, as demonstrated by higher AUC scores in p24-and p24+ subsets relative to uninfected TCM cells ( Fig. 3D ). Taken together, we find that the same level of p-p38 is ultimately associated with more CC3 in p24-and p24+ TCM cells by 24-48 hours. Thus, signaling along the p38-p53-CC3 pathway, downstream of p-SLP76, appears to be significantly dysregulated in virus-exposed TCM populations, independent of HIV protein expression.
To validate differential regulation of p53 and cleaved caspase 3 by p-p38, we stimulated uninfected and virus-exposed TCM cells with CD3/CD28 in the presence of the p38 inhibitor SB 203580 and measured the change in p-p53 at 1 hour and CC3 at 24 hours, relative to an uninhibited control. Phosphorylation of p53 at serine 15 attenuates its interaction with negative regulator MDM2, which stabilizes p53 and causes it to accumulate, ultimately leading to growth arrest and apoptosis (37) . We found that CD3/CD28 stimulation increased p-p53 to similar levels in uninfected and virus-exposed cells, but p38 inhibition specifically reduced p-p53 only in virusexposed cells (Fig. 3E ). We further found that p38 inhibition significantly reduced CD3/CD28induced apoptosis (i.e., %CC3+) in virus-exposed cells, but not in uninfected cells (Fig. 3F) . These results confirm a regulatory change in p38-mediated apoptosis in latent and reactivating cells that is associated with increased p53.
We recently reported that the antibiotic anisomycin, a potent activator of the p38 and JNK MAPK pathways, increased both p-p38 and p-JNK activation within 30 minutes and cell death at 24 hours in virus-exposed TCM cells relative to uninfected cells (29) . We found that anisomycin treatment increased levels of p-p53 and CC3 to a greater extent in virus-exposed cells relative to uninfected cells, and that this could be reversed with p38 inhibition ( Fig. 3G-H) . Altogether, we conclude that there is increased signal transfer activity along the p38-p53-CC3 axis in latent and virus-expressing cells, which specifically increased their sensitivity to stimulation with CD3/CD28 and to p38 pathway targeting.
Although anisomycin induces more apoptosis in virus-exposed cells than uninfected cells in the absence of viral reactivation (Fig. 3I ), the overall toxicity of anisomycin is high, limiting its use as a targeted therapeutic. To reduce non-specific toxicity, we explored small molecules in clinical development that act on p38. We identified ganetespib, a Phase III HSP90 inhibitor that activates p38 when the chaperone HSP90 is sufficiently suppressed, causing apoptotic cell death (38) . Similar to anisomycin, ganetespib induced a significantly higher percentage of apoptotic cells in virus-exposed versus uninfected TCM populations in a dose-dependent manner independent of viral reactivation ( Fig. 3J ). Thus, therapeutic targeting the p38 MAPK pathway has the potential to specifically boost apoptotic signaling in latently infected CD4+ T cells without reactivating latent virus.
Virus-exposed p24-and p24+ TCM cells exhibit altered Akt-S6 and Akt-Bad signaling and sensitivity to mTOR inhibition.
We next examined regulation of the pro-apoptotic protein Bad and the ribosomal protein S6, which share upstream effectors including Akt and 70-kDa ribosomal protein S6 kinase (p70S6K).
Akt regulates phosphorylation of S6 via mTORC1-mediated activation of p70S6K, while both Akt and p70S6K are capable of directly phosphorylating Bad and suppressing its apoptotic activity (39) (40) (41) .
We evaluated the pairwise relationship between p-Akt and p-S6 by visualizing the conditional density-rescaled single-cell data (Fig. 4A ). Prior to stimulation, low p-Akt levels were associated with low p-S6 in both uninfected and virus-exposed TCM cells, but moderate levels of p-Akt yielded higher p-S6 in virus-exposed cells (Fig. 4B ). Within 4 hours of CD3/CD28 stimulation, signal transfer activity between p-Akt and p-S6 increased similarly in uninfected and virus-exposed TCM populations; but by 8 hours, p24-and p24+ cells exhibited a sustained increase while uninfected TCM cells showed a decrease in activity, as quantified by AUC scores.
When we examined signal transfer activity between p-Akt and p-Bad, we found that virusexpressing p24+ cells exhibited a stronger edge-response function at all time points ( Fig. 4C and D), with p-Bad present even at the lowest levels of p-Akt. In contrast, p24-cells showed lower signal transfer activity relative to p24+ cells, suggesting that viral proteins may influence signaling between p-Akt and p-Bad across basal and activated conditions. Akt activates pro-survival signals (42) . Thus, because both p24-and p24+ cells exhibited elevated Akt activity following TCR stimulation, as determined by increased signal transfer activity to p-S6 and p-Bad, we hypothesized that inhibiting a shared upstream kinase would block these pro-survival signals and enhance apoptosis in HIV-infected cells. To block signaling along the Akt-S6 and Akt-Bad pathways, we used the mTOR kinase inhibitor PP242, which competitively inhibits mTOR complexes 1 and 2, thereby reducing the activity of Akt and p70S6K, the kinases directly upstream of Bad and S6. PP242 treatment alone and in combination with CD3/CD28 increased apoptosis (%CC3+) in virus-exposed TCM cells but not uninfected cells at 24 hours ( Fig. 4E ). Furthermore, PP242 treatment alone induced apoptosis in a dose-dependent manner, even while reducing HIV expression as shown in previous studies (43) (Fig. 4F) . A Phase II mTOR kinase inhibitor and PP242 analog INK128, which is in trials for advanced solid tumors and leukemias (44) (45) (46) , also increased apoptosis in virus-exposed TCM cells without reactivation ( Fig. 4G ). PP242-induced apoptosis was associated with a significant decrease in p-p70S6K, the kinase downstream of mTOR that phosphorylates S6 and Bad that was specific to HIV-exposed cells ( Fig. 4H ). Together, these results demonstrate that targeting dysregulated Akt signaling via mTOR inhibition can increase apoptosis in HIV-infected cultured primary CD4+ TCM cells.
We considered why the increased signal transfer activity between Akt and S6 was not also seen between Akt and Bad in latent (p24-) cells. It was previously reported that p38 mediates the dephosphorylation of p-Bad via phosphatase PP2A (47, 48) , thereby activating the pro-apoptotic activity of Bad (Fig. 4I ). To test whether the lack of increased signal transfer activity between p-Akt and p-Bad in p24-cells might be linked to increased p-p38 activity, we inhibited PP2A with okadaic acid (OA) and measured the change in apoptosis (%CC3+) upon CD3/CD28 stimulation in uninfected and virus-exposed TCM cells. Inhibition of PP2A with OA rescued virus-exposed TCM cells from apoptosis induced by CD3/CD28 but did not affect uninfected cells (Fig. 4J ). OA also selectively reversed anisomycin-induced apoptosis in virus-exposed TCM cells. We confirmed this selective rescue by OA in J-DHIV cells, a monoclonal Jurkat-derived cell line with a single latent proviral integration ( Fig. S4 ). Our findings suggest that enhanced PP2A phosphatase activity, perhaps in response to increased p-p38 signaling, may reduce p-Bad levels in latent cells and contribute to the observed loss in signal transfer activity.
Targeting p38 and mTOR kinase pathways ex vivo depletes cell-associated HIV DNA and inducible RNA in resting CD4+ T cells from virally suppressed patients
p38 activation and mTOR inhibition separately increased apoptosis in virus-exposed cells relative to uninfected cells, and therefore we reasoned that targeting these pathways simultaneously might boost cell death in latent CD4+ T cells while minimizing off-target effects in uninfected cells (Fig. 5A ). Using the TCM model, we compared cell death in uninfected, p24-, and p24+ TCM cells in response to treatment with ganetespib, INK128, and the combination (Gan+INK) over 48 hours. All treatments significantly increased apoptosis in the virus-exposed p24-population ( Fig. 5B ), similar to anisomycin, PP242, and anisomycin+PP242 (Fig. S5A ).
Although ganetespib alone induced the most apoptosis in p24-cells at 48 hours, the combination of Gan+INK accelerated the death rate to induce greater apoptosis at 24 hours. We further tested J-DHIV cells and observed that combining treatments specifically increased apoptosis in latent (GFP-) cells in a dose-dependent manner ( Fig. 5C and Fig. S5B ). Together these results suggest that combining agents may improve latent HIV-infected cell targeting and increase death kinetics for maximal efficacy (49) .
The availability of the small molecules INK128 and ganetespib for inhibiting mTOR and activating p38, respectively, allowed us to explore the potential use of these inhibitors for therapeutic approaches to reduce persistence of virally infected cells. Virus-exposed TCM cells were treated for 24 hours and then cultured post-treatment for an additional week to clear dying cells ( Fig. 5D ). Then we stimulated all populations with CD3/CD28 to elicit maximal viral reactivation and quantified the extent to which the treatment reduced the percentage of HIV-infected cells relative to a no-treatment control. Treatment with CD3/CD28, which produces near-maximal HIV activation in vitro (50) , was included as a positive control. We found that CD3/CD28 induced significant viral expression by 24 hours, while ganetespib and INK128, alone or in combination, did not (Fig. 5E ). Despite this lack of viral activation, ganetespib, INK128 and the combination all significantly reduced the percentage of latent-but-inducible HIV-infected cells to nearly the same extent as CD3/CD28 (Fig. 5F) . Similar results were observed for anisomycin and PP242 ( Fig. S5C-D ). To determine if this reduction also corresponded with a reduction in cell-associated HIV DNA, we measured proviral DNA copies before and after treatment (Fig. S5E ). We found that treatment with p38-or mTORC-targeted therapies also moderately decreased average HIV cell-associated DNA levels, with combinatorial treatments of anisomycin+PP242 or Gan+INK128 exhibiting approximately a 30% reduction (Fig. S5E ).
Finally, we tested whether targeting the p38 and mTOR pathways would reduce inducible RNA in resting CD4 + T cells and cell-associated HIV DNA from virally suppressed HIV+ subjects on ART. Resting CD4+ T cells were isolated from patient whole blood and treated for 72 hours ex vivo with ganetespib, INK128, or the combination (Fig. 5H ). We reasoned that if ganetespib and/or (Fig. 5I ). Furthermore, HIV DNA levels relative to an untreated control were reduced with CD3/CD28, ganetespib, INK128, and combinatorial treatment with Gan+INK, with Gan+INK resulting in a significant reduction of 33% ( Fig 5J) . These findings suggest that combinatorial treatment with Gan+INK targets and clears resting CD4+ cells harboring inducible proviruses in the absence of viral reactivation. Overall, these Phase II/III drugs show promise as therapeutic agents for targeted depletion of latent HIV-infected cells in ART-suppressed patients.
Discussion
Through systems analyses of high-dimensional single-cell data, we demonstrated that latent and reactivating HIV alters apoptosis regulation in primary cultured TCM cells. Virus-exposed p24and p24+ TCM cells exhibited increased signaling activity along the p38-p53-CC3 pathway and were sensitized to p38 pathway targeting with anisomycin and ganetespib ( Fig. 3 ). Our findings are consistent with transcriptomic RNA-Seq measurements demonstrating upregulation of p53related genes upon latency reversal (57) . We further showed that inhibition of mTOR signaling also increased apoptosis in latently infected cells ( Fig. 4) . Importantly, previous work found that first-generation mTOR inhibitors, like rapamycin, downregulated pro-inflammatory markers while maintaining CTL recognition ability for infected cell killing (58) . Inhibition of mTOR signaling has also been demonstrated to promote maintenance of latency (43) . Here we add the new observation that mTOR may be activating anti-apoptotic signals in latent-HIV infected cells that can be targeted for clearance. Finally, we showed that targeting these pathways in combination ex vivo reduced cell-associated HIV DNA and RNA in resting CD4+ T cells isolated from ARTsuppressed HIV+ patients (Fig. 5 ).
This study identifies targetable differences in signaling regulation to eliminate latent HIVinfected cells without viral reactivation. Although there is evidence that HIV protein expression is cytotoxic (59, 60) and marks host cells as targets of cytotoxic T cells, HIV proteins can also contribute to pro-survival signaling (61, 62) . Recently, cellular survival programs governed by BIRC5, a molecular inhibitor of apoptosis, were shown to support long-term survival of HIVinfected CD4+ T cells (63) . Moreover, the Bcl-2 family has long been implicated in balancing lowlevel HIV virus production with cell survival (64) (65) (66) (67) . We further showed that reactivating infected (p24+) cells express higher levels of anti-apoptotic p-Bad than latently infected (p24-) cells, suggesting that activation of viral protein expression may complicate eradication efforts.
Looking towards translational studies, we identified a Phase III HSP90 inhibitor targeting p38 and a Phase II mTOR kinase inhibitor that effectively enhanced apoptosis in latently infected CD4+ TCM cells. Our systems approach revealed novel categories of therapeutic agents that, unlike existing LRAs, act to directly eliminate latent HIV-infected T cells. HSP90 inhibitors have been in clinical trials since 2005 (68), with next-generation agents continuously being developed (69) .
Several PP242 analogs have also entered clinical trials, including INK128, OSI-027, AZD8055, and AZD2014 (70) . Although the small molecules tested in this study likely exhibit some pleiotropic effects, advances in drug development and delivery, in addition to further treatment optimization, will likely reduce these effects. For example, different HSP90 and mTOR inhibitors have been shown to exhibit varying rates of apoptosis (49) , and therefore it may be possible to systematically assess timing of therapeutic administration to improve efforts for in vivo eradication.
Overall, our findings support a new clinical strategy aimed at directly killing latently-infected CD4+ T cells that complements other strategies for latency eradication.
Materials and Methods

Participants with HIV on ART
All participants positive for HIV were on combination ART and had had undetectable plasma viral loads (<50 copies/ml) for at least 1 year (median 11 years) (Supplementary Table 2 ). HIV+ subjects were recruited as described in Protocol No. 1502015318: HIV Associated Neurocognitive Disorder and Neurocognitive Disorders with Other Infectious Diseases, and the study was approved by the Yale Human Investigation Committee. All research participants gave written informed consent. 
Resting CD4+ T cells from HIV+ patients
Virus production
The DHIV-Nef+ plasmid (containing a small out-of-frame deletion in the gp120-coding area that renders it defective in Env), DHIV-GFP plasmid (DHIV plasmid containing GFP in place of Nef) and the pLET-LAI plasmid (encoding an X4 envelope gene) were kind gifts from Dr. Vincente Planelles. The envelope gene was originally derived from a CXCR4-dependent isolate, HIV-1-LAI, and the env glycoprotein was produced with the expression construct pLET-LAI (31, 71, 72) . To generate virus, DHIV-Nef+ and DHIV-GFP were co-transfected with pLET-LAI plasmids into HEK293T cells (gift from Dr. David Schaffer) using standard calcium phosphate-mediated transfection. After 18 h, the transfection medium was replaced with 10 ml of fresh medium (IMDM + 10% FBS and L-glutamine in the absence of antibiotics, all from Gibco Life Technologies) and cultured for an additional 36 h. Supernatants were then collected and precleared by centrifugation. After centrifugation, the supernatant was filtered, aliquoted, and frozen at −80 °C. To normalize infections, p24 was quantified in virus-containing supernatants by enzyme-linked immunosorbent assay (ELISA; ZeptoMetrix).
Primary cultured central memory CD4+ T cells (TCM) activation and infection
Buffy coats of leukocytes were obtained from anonymous HIV-donors (New York Blood Center). Peripheral blood mononuclear cells (PBMCs) were harvested by density centrifugation with Ficoll-Paque (GE Healthcare). Naïve CD4 + T cells were isolated by MACS negative selection using the human naïve T-cell isolation kit (Miltenyi Biotec) to yield a population with the phenotype CD4 + CD45RA + CD45RO − CCR7 + CD62L + CD27 + with purity levels equal or higher than 95%. Cells were then activated for 72 hours with beads coated with αCD3 and αCD28 antibodies, Dynabeads Human T-Activator CD3/CD28 for T cell Expansion and Activation, (ThermoFisher Scientific) under non-polarizing (NP) conditions, in the presence of 10 ng/ml of TGF-β1, 2 μg/ml of anti-Human IL-12 and 1 μg/ml of anti-Human IL-4 (all from Peprotech). Dynabeads were removed on day 3 and consequently cultured at a density of 1 × 10 6 cells/ml in complete medium with 30 IU/ml of rhIL-2 (R&D Systems). Cells were infected by spinoculation on Day 5: 10 6 cells were infected with 300 ng/mL p24 for 2 hours at 2900 rpm and 37°C in 1 mL. After infection, cells kept in culture at 1 × 10 6 cells/ml in complete medium with 30 IU/ml of rhIL-2 and 10 μM indinavir sulfate (ART, protease inhibitor) at 37 °C for 7 days prior to further experimentation, during which actively infected cells die, leaving a mixed population of latently infected or uninfected cells.
Jurkat T cell culture and infection (J-DHIV cell line)
Jurkat cells clone E6-1 (ATCC) were cultured in RPMI media (Gibco Life Technologies) supplemented with 10% FBS (Atlanta Biologicals) and penicillin and streptomycin (Gibco Life Technologies at a concentration of 2×10 5 -2×10 6 cells/ml at 37°C and 5% CO2. Cells were infected with a DHIV-GFP/X4 virus and GFP-cells were sorted to isolate uninfected and latently infected populations. Cells were then stimulated with TNFα (Peprotech), and GFP+ cells were sorted into a 96-well plate to establish a clonal line of latently infected cells (29) . This parental Jurkat and J-DHIV clonal cell line model provides a fully infected population with minimal divergence between uninfected and infected counterparts.
Mass cytometry time course collection, sample preparation and processing
All stimulations were conducted in the presence of 10 μM indinavir sulfate. Cells treated with CD3/CD28 were collected 5 minutes prior to the expiration of the time point and placed on a magnet for bead removal. Cells were treated for 1 minute with Cisplatin (25mM) to distinguish dead cells. Cells were fixed by adding ice-cold PFA to a final concentration of 2% PFA and then fixed for 30 minutes at 4°C. To ensure the detection of subtle differences in cellular parameters over time (i.e. shifts in protein phosphorylation upon stimulation), we utilized a pooled sample analysis approach to minimize sample-to-sample variation. A binary labeling strategy composed of 6 palladium-based barcodes was used to label samples prior to immune-staining with a single antibody cocktail (73) . Cells were washed 1x with MAXPAR staining buffer after fixation and once with 0.02% saponin in PBS, then barcoded for 30 minutes at room temperature using the Cell-ID 20-Plex Barcoding Kit (Fluidigm) in the presence of 0.02% saponin (Affymetrix 00-8333-56 Permeabilization Buffer, 10X). After measurement, barcode combinations were identified with a doublet-filtering, deconvolution algorithm and used recover the individual samples for further analysis.
Following barcoding, the samples were washed 2x with MAXPAR cell staining buffer and combined into a single sample. Metal conjugated antibodies were sorted into two groups: surface marker or intracellular and stained consecutively. Samples were incubated with the surface marker cocktail for 45 minutes at room temperature. Samples were washed 2x, re-fixed with 2% PFA, and permeabilized with methanol to aid in the detection of phospho-targets. Samples were then incubated with the intracellular staining cocktail for 45 minutes at room temperature. Samples were washed 2x in MAXPAR staining buffer and once with 2% PFA then incubated for overnight with an iridium-containing DNA intercalator (DVS/Fluidigm) in 2% PFA at 4°C. On the following day, samples were washed twice with MAXPAR staining buffer, and once in water. The cell concentration adjusted to 700,000 cells/ml in water supplemented with 10% EQ 4-element calibration beads (Fluidigm), filtered, and injected successively to a CyTOF II mass cytometer in a series of 500 μl aliquots. At the end on the acquisition, the files resulting from the different injections were concatenated into one .fcs file, and the calibration beads were removed using the CyTOF II built-in software. Detector sensitivity was performed at the beginning and at the end of each use of CyTOF II using polystyrene normalization beads containing lanthanum-139, praseodymium-141, terbium-159, thulium-169, and lutetium-175.
Mass cytometry data analysis
Mass cytometry mean abundance values were transformed using a scaled arcsinh (scaling factor 5 used to minimize noise near the limit of detection) and represented in heatmaps as the log-2-fold change over the uninfected basal condition. Software for implementing viSNE, Phenograph, and DREVI, and the associated CYT tools were downloaded from the Pe'er Lab website (https://www.c2b2.columbia.edu/danapeerlab/html/software.html). viSNE (26) was implemented using default parameters of the CYT tool. We performed clustering using PhenoGraph (27) Transformed data were analyzed using DREVI as previously described (36) .
Flow cytometry assays
Cells were fixed with and permeabilized with the BD Cytofix/Cytoperm solution (BD Biosciences). Cells were washed and stained in the presence of BD Perm/Wash Buffer (BD Biosciences). For primary cells, viral activation was measured by intracellular staining for p24, an HIV-1 capsid protein, with the monoclonal antibody AG3.0 at a 1:40 dilution (NIH AIDS Reagent Program, courtesy of Dr. Jonathan Allan) and anti-mouse IgG secondary antibodies conjugated to AlexaFluor 647 (ThermoFisher Scientific). For Jurkat latent infections, activation was quantified by analyzing green fluorescent protein (GFP) level in 10,000 cells. Cell death was measured after 10 minutes of staining with propidium iodide (Sigma Aldrich) at a working concentration of 5 μg/ml. Flow cytometry assays were analyzed on an Accuri C6 Cytometer (BD Biosciences).
Genomic DNA isolation and quantitative PCR to measure in vitro HIV DNA
Genomic DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen) per the manufacturer's specifications with the following modifications: before eluting DNA columns were dried with an additional 1 minute spin at maximum speed, elution volume was 100uL Buffer AE.
Total HIV DNA from in vitro infections was quantified by qPCR. 3μL of genomic DNA at 50pg/μL was combined with 2μL of either 5μM LTR or CD3 primer mix and 5μL SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). Cycling conditions for both primers were as follows: denaturation for 3 minutes at 98°C, then 40 cycles of denaturation for 15 seconds at 98°C then annealing and extension for 1 minute at 59°C with a fluorescence read each cycle, followed by melt-curve analysis to confirm specificity of primers. LTR forward and reverse primers were designed using Primer-BLAST(74), CD3 primer sequences were from Vandergeeten et al (75) .
Primer amplicon standard curves were used to calculate starting quantities of CD3 and LTR DNA.
Ex vivo TILDA Assay, RNA Isolation, and RT-PCR to measure cell-associated RNA from
ART-suppressed patients
The inducible RNA was measured using the TILDA assay developed by Procopio et al (51) . 
Nested PCR to measure ex vivo HIV DNA from ART-suppressed patients
Total HIV DNA in patient cells was quantified using nested PCR adapted from Vandergeeten et al (75) . For the first round of PCR, 15 μl of genomic DNA at 20 ng/μl was used in 50 μl reaction containing 1X ThermoPol buffer (NEB), 1 mM MgSO4 (NEB), 300 μM dNTPs (Thermo), 300 nM each of four outer primers (ULF1, UR1, outerCD3_fwd, and outerCD3_rev), and 2.5 U Taq polymerase (NEB). The first round cycling conditions were: a denaturation step of 8 min at 95°C and 12 cycles of amplification (95°C for 1 min, 55°C for 40 s, 72°C for 1 min), followed by a final elongation step at 72°C for 15 min. First round products were diluted 1:10 in water before the second round of PCR. For the second round, 3 μl of diluted product was combined with 2 μl of 5 μM inner primer mix (either LambdaT + UR2 or innerCD3_fwd + innerCD3_rev) and 5 μl of SsoAdvanced Universal SYBR Green Supermix (BioRad). The second round cycling conditions for both primer pairs were: a denaturation step of 4 min at 95°C and 40 cycles of amplification (95°C for 10 s, 60°C for 10 s), followed by melt curve analysis to confirm specificity of primers.
This reaction was carried out in a CFX Connect Real-Time PCR instrument (BioRad).
Primers used in study
Primer
Sequence ( 
